Abstract. Geophysical methods, especially seismic inversion, have improved considerably in recent years. The prediction of elastic behaviour is important to decrease risk in mining operations. The investigation of rock physics is a way to predict rock behaviours, especially reservoir geomechanical parameters. The first step in rock physics studies is to diagnose and introduce a suitable rock physics model. In this paper, we review rock physics models, such as the RymerGreenberg-Castagna model, and we compare them with real data trends in two oil wells of a carbonate reservoir (the Fahliyan Formation) in the Zagros Basin of southwestern Iran using sonic, density and porosity logs. After omitting the effect of water saturation and clay content, the best model for clean carbonate of the Fahliyan Formation was developed in two oil wells (A1 and A2).
Introduction
The sensitivity of seismic velocity to critical reservoir parameters, such as porosity, lithofacies, pore fluid type, saturation, and pore pressure, has been recognised for many years. However, the practical need to quantify seismic-to-rock-property transforms and their uncertainties has been most critical over the past decade, with the enormous improvement in seismic acquisition, processing and interpreting amplitudes to hydrocarbon detection, reservoir characterisation and reservoir monitoring (Avesth et al., 2005) . Understanding the seismic-to-reservoir relationship and discovering the best rock physics model in the studied wells are the main concerns of this study. Although rock physics models are crucial for reservoir characterisation, published papers and available models are scarce for carbonate rocks.
Geophysical applications in carbonate reservoirs are less mature and less abundant than those associated with clastic reservoirs. This lack of maturity is primarily the result of the lower economic priority of carbonate reservoirs in the last two decades. Additionally, carbonate reservoirs are notoriously more difficult to characterise than siliciclastic reservoirs. Compared with siliciclastic reservoirs, carbonate reservoirs offer unique geophysical challenges with respect to reservoir characterisation. These challenges include the following: (1) tight rock fabric, resulting in problematic rock physics models that are not widely accepted; (2) greater heterogeneity due to rapid vertical and lateral facies variation; (3) lower seismic resolution due to higher velocities; (4) physical and chemical alterations, causing fracturing and diagenesis; and (5) mostly land and shallow water seismic data, meaning relatively lower data quality over most carbonate fields (Dong et al., 2003) . Experimental data on carbonate rocks have not been as thoroughly studied as siliciclastic sedimentary rocks. Among others, Domenico (1984) , Rafavich et al. (1984) , Anselmetti and Eberli (1993) , Assefa et al. (2003) , Prasad and Nur (2003) , Baechle et al. (2005) and Adam et al. (2005) have described the ultrasonic velocity response of carbonate rocks to porosity, permeability, texture, fluids and pressure. There are, however, relatively few studies on carbonate rock physics models.
The Fahliyan Formation is a carbonate reservoir in some of the major oil fields of southwest Iran. This formation is a massive oolitic to pellety limestone with minor contemporaneous brecciation in the basal part at the type section (James and Wynd, 1965) . The age of the formation is Neocomian. The basal part of the Fahliyan Formation grades into the Garau shale facies, which is the time equivalent of this formation. The limestone sequences of the Sulaiy and Yamama Formations in Saudi Arabia/Iraq and the Minagish Formation in Kuwait as well as the shale/sandstone interbedded limestone sequences of the Ratawi Formation in Kuwait/Iraq are the time equivalents. In the study area, the Fahliyan Formation is informally divided into upper and lower members. The upper member includes the uppermost part of the Early Cretaceous (Barremian), which is a poor reservoir, but the lower member (Neocomian) is a good reservoir.
The objective of this study is to determine the best rock physics model for this formation in two studied wells (A1 and A2) and to generalise it to neighbouring oil fields (Figures 1 and 2) .
The Fahliyan Formation has a thickness of 542 m in well A1 and starts at the depth of 3980 m and ends at 4522 m. The upper member of this formation consists of alternating limestone and shale, but the lower member is composed of clean thick-bedded limestone, with some thin layers of shale in its middle part (Figure 2 ). The well logs we used to calculate fluid saturation and bulk modulus are neutron porosity, density and compression wave ( Figure 3 ). In addition, we used gamma ray logs to determine the relationship between physical properties and lithology. Figure 3a , b and c shows these well logs versus depth for well A1.
The thickness of the Fahliyan Formation is 381 m in well A2, which begins at a depth of 3825 m and ends at 4206 m (Figure 2) . The upper member of the Fahliyan Formation in well A2 consists of alternating thin layers of limestone and shale. Approximately two-thirds of the lower member is clean, thick-bedded limestone. Figure 3d , e and f shows the neutron porosity, density and compression wave logs versus depth for well A2.
Materials and methods

Calculation of necessary parameters in wells A1 and A2
For rock recognition, it is important to eliminate the many factors that affect velocity (Castagna et al., 1993) . One of these factors, which can be easily eliminated, is saturation. Velocity may strongly depend on saturation and/or pore fluid compressibility, which, in turn, may vary with depth. Because of varying saturation or fluid properties, the same rock type may appear to have no velocity-porosity trend at all. In fact, identical samples of rock (especially soft rock) will have very a different velocity, impedance, and modulus if saturated with different fluids (Nur and Simmons, 1998; Spikes and Dvorkin, 2004) .
Water saturation (S w ) is determined from the Archie equation (Asquith and Krygowski, 1982) :
where a is the tortuosity factor, n is the saturation exponent, is the porosity, m is the cementation exponent, and R w 1 and R t 2 are resistivity.
Based on the formation's lithology (carbonate) and previous experiences with carbonate reservoirs of southwest Iran (Kazemzadeh et al., 2007) , the following values were calculated for the studied formation: S oil is found simply from the following equation:
The clay volume is estimated from the gamma ray clay index by the following method:
where I GR is the gamma ray index, GR log is the gamma ray reading of the formation, GR min is the minimum gamma ray (clean carbonate), and GR max is the maximum gamma ray (clay). Based on I GR , we simply estimated the volume of shale (Asquith and Krygowski, 1982) : 
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For I GR less than 0:55 V cl ¼ 0:0006078 Â ð100:0 Â I GR Þ 158257 ;
for I GR greater than 0:55 and less than 0:73
for I GR greater than 0:73 and less than 1:
where V cl represents volume of clay in percent.
To eliminate this additional complication, the entire interval must be brought to common pore fluid saturation. This common saturation process consists of three steps (Prasad et al., 2000) :
Step 1: Use well log data to calculate the elastic modulus of dry rock. * Step 2: Use dry-rock elastic moduli to calculate these rocks saturated with the same fluid for the entire interval or dataset. * Step 3: Use the common-fluid rock moduli to calculate velocity and impedance as needed.
The details of fluid substitution needed for these tasks are as follows (Prasad et al., 2000) . Gassman equations were used to eliminate the fluid effect on the data. The following are the main relations used in this respect: a. Fluid bulk modulus calculation (Prasad et al., 2000) :
where S gas , S oil and S br are gas, oil and brine water saturation, and K gas , K oil and K br are the bulk modulus of gas, oil and brine water.
b. The compression wave modulus (M log ) was calculated from the well log using the following relation (Prasad et al., 2000) :
To approach this task we must diagnose rock in the studied intervals. To do so, we must determine the elastic constants and densities of the pore fluid components. We determine these properties using the Batzle-Wang formulas for a reservoir temperature of 70 C and a pore pressure of 16 MPa. The results are given in Table 1 (Avesth et al., 2005) . Figure 4a and b shows cross plots of the compression wave modulus calculated from equation 5 versus the porosity for wells A1 and A2. As can be seen in these figures, the best line of regression is the power line, which suggests that the compression wave modulus might be related to another parameter in addition to porosity.
The volume of fluid saturation or the variation in fluid properties may affect the compression wave modulus. At constant porosity, the compression wave modulus is different in the same rock type due to changes in pore fluid properties, which change the linear trend to a power trend. To eliminate fluid impact, we can change the interval to common pore fluid saturation. The following are steps to change the compression wave modulus into common pore fluid saturation: c. The compression wave modulus from dry rock was calculated using the following relation (Prasad et al., 2000) :
where M mineral is derived from the following equation (Prasad et al., 2000) :
where is total porosity, K mineral is the bulk modulus of the mineral phase, and m mineral is the shear modulus of the mineral phase.
d. The compression wave modulus of common fluid (M common ) is calculated from the following relation (Prasad et al., 2000) :
where K cf is the bulk modulus of the common fluid (using pure water, with a density of 1 g/cm 3 and a bulk modulus of 2.25 GPa, as a common fluid). Figure 5a and b shows the compression wave modulus of common fluid for wells A and B calculated from equation 8. This figure shows a linear relation between the compression wave modulus of common fluid with porosity.
The acoustic impedance (Ip) is obtained from the following equation (Prasad et al., 2000) :
The compression wave modulus equation of common fluid (M = V p 2 r b was used to calculate the I p of common fluid from the following equation (Prasad et al., 2000; Guest et al., 1998; Rafavich et al., 1984) :
where I pcommon is the acoustic impedance of common fluid, M common is the compression modulus of common fluid and V p is the compression wave velocity. Figure 6 shows the acoustic impedance of common fluid for wells A1 and A2. This figure shows two interesting points: the first is the two drops in data of Figure 6a and single drop in Figure 6b (circled); the second is the trend of the data of these two wells. An important point here is that in low porosities, there is an extreme change when we change fluid into common fluid. As is clear, in addition to porosity, there are important parameters that effect Ip. One of the parameters that has a strong effect on Ip in carbonate rocks is fracture. Due to data limitations, we could not check this here, but it is important to note that we can see this situation only in high water saturation; below 90% Sw, there is a nearly inverse direct change of Ip with respect to porosity changes (Guest et al., 1998; Rafavich et al., 1984) . Figure 7 shows the acoustic impedance from log data and the acoustic impedance of common fluid versus porosity. This figure shows that the acoustic impedance of some data changed when we correct all intervals for common fluid.
Determining a suitable rock physics model
To determine a suitable rock physics model for the studied data, we compared them with previously developed models. The review of existing theoretical models showed that the trend of studied data is similar to the Rymer-Greenberg -Castagna model (1977) for carbonates, which is shown in Figure 8 (Spikes and Dvorkin, 2003) .
Superimposing the rock physics model to the studied data ( Figure 9a and b) showed that in some intervals, our data matched this model, and in some other intervals, there are some offsets between them.
As is clear, the trend of the data follows the RymerGreenberg-Castagna model (1977) are also some considerable differences. To determine the reason for these differences, other cross plots were studied. At first, variations of acoustic impedance versus acoustic impedance of common fluid were plotted, and porosity changes in some ranges were detected. Figure 10 shows this cross plot for well A1 and Figure 11 for well A2. The following results could be extracted from these figures. For well A1 (Figure 10 ):
1. Porosity <0.05: Although there is no clear trend, a faint inverse trend exists, and the Ip of common fluid decreases with the increase of the Ip. This trend was seen only in this range of porosity (Figure 10a ). 2. Porosity 0.05-0.10: Lack of a clear trend, but the negative trend in the previous range changed into a positive trend (Figure 10b ). 3. Porosity 0.10-0.20: The best trend of these sets of cross plots exists in this range of porosity, but the IP is nearly constant for the different IPs of common fluid. In this limitation of porosity, the Ip and the Ip of common fluid almost have a nearly identical value, which suggests that fluid replacement had a lesser effect on these data (Figure 10c ). 4. Porosity 0.20-0.30: In this range of porosity, the Ip was almost fixed, but the Ip of common fluid changed, which indicates that fluid replacement had a great effect on these data (Figure 10d ). 5. Porosity >0.30: With the change in Ip, there is no change in the Ip of common fluid (Figure 10e and f ). Figure 10f is the magnified version of Figure 10e .
For well A2 (Figure 11 ):
1. Porosity <0.05: There is no trend between the data, and the Ip of common fluid shows a slight change by the increase of the Ip (Figure 11a ). 2. Porosity 0.05-0.10 and >0.30: The data in these two ranges show a faint trend (Figure 11b and e). 3. Porosity 0.10-0.20 and 0.20-0.30: The best trend of these sets of cross plots exists in these ranges of porosity, where the porosity of Ip and Ip of common fluid have a nearly identical value, which suggests that fluid replacement had a lesser effect on this data (Figure 11c and d) .
A comparison of the results of Figures 10 and 11 reveals that the porosity ranges between 0.10 and 0.20 are the best because the data can be used for rock physics model investigation, but they are insufficient because they do not have a perfect linear trend.
The next cross plot is the variation of acoustic impedance of common fluid versus porosity to study the volume of clay in some ranges. Figure 12 shows this cross plot for well A1 and Figure 13 for well A2.
For wells A1 and A2:
1. Volume of clay 0-0.2: The trend of the data is linear, but there is one drop at a porosity smaller than 0.05 ( Figure 12a and Figure 13a ). 
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completely different, indicating that this trend is the interface of the limestone trend to the clay trend ( Figure 12c and Figure 13c ).
4. Volume of clay >0.6: These data have a completely different trend, and they represent the clay trend ( Figure 12d , e and Figure 13d , e). Another cross plot is the variation of acoustic impedance of common fluid versus porosity. In this cross plot, we also studied water saturation change for some ranges.
For well A1 (Figure 14 ):
1. Water saturation 0-0.75: The trend of the data is completely linear, which is the best differentiation for the determination of the rock physics model in the well (Figure 14a, b) . The following facts can be extracted from the cross plots. The first drop in data is related to water saturation and the second to the volume of clay. Also, the best differentiation for the rock physics model determination in well A1 is a water saturation between 0.00 and 0.75 and between 0.00 and 0.50 in well A2. Figure 16a and b show the Ip of common fluid versus porosity ranging between 0.00 and 0.75 of water saturation for well A1 and 0.00 to 0.50 for well A2. The Rymer-Greenberg-Castagna model and regression line are also plotted in these figures. 
